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SUMMARY 
This report is the third annual report for MEND CANMET Project No. 3.11 .l, entitled 
“Treatment of Acidic Seepages Employing Wetland Ecology and Microbiology”. Field 
testing described below refers to a Test Cell System installed at the lnco Makela site in 
the summer of 1989. In the first two years of the project, the ecological conditions 
required for microbial alkalinity-generation were defined. Floating cattail mats were 
installed on Cells #3 and #4 of the Test Cell System in 1991. The third year was 
therefore the first opportunity to demonstrate such activity in the Test Cell System. The 
ARUM process was demonstrated in the open Test Cell System under defined flow 
conditions. Water quality improvements can be evaluated, based on comparison of 
baseline data (August 1990 or July 5 1991) with those achieved by September 1991. 
Improvements can also be shown based on differences in concentrations between the 
cell surface and bottom water. 
The ARUM process works from the sediment upwards, and thus should affect the lower 
part of the water column in Cells #3 and #4. The flow was adjusted to 1 Urnin by mid 
July. By mid September 1991, large differences in metal concentrations in the water on 
the surface and in the lower parts of the water column appeared. In Cell #4 the nickel 
concentrations at the surface ranged from 43 to 74 mg/L. The range in the lower part of 
the water column (50 to 60 cm deep) was 12 to 33 mg/L. In Cell #3, which is the first cell 
receiving the low pH AMD, nickel concentrations ranged between 23 and 51 mg/L at the 
surface, compared to the lower part of the water column with concentrations between 15 
and 24 mg/L. This represents a reduction in the nickel concentrations of about 50%. 
Copper was present in both cells at the surface in concentrations ranging from <I to 4 
mg/L and was reduced by the ARUM process in the lower part of the cells to a maximum 
of 1 mg/L. 
At a flow rate of 1 L/min, water in Cells #3 and #4 is retained for about 4 months. The 
surface water, however, short circuits and therefore leaves at a pH which is only slightly 
higher (pH 2.5 vs. 3.2). Titrations of effluent water indicate that 27 kg of alkalinity have 
been generated per tonne of water leaving test Cell #4 after passing over the actively 
“ARUMating” lower water column, even though the pH has not changed. The pH in the 
lower water column of the cell was as high as pH 6.0. If water were to be discharged 
from the bottom of Cell #4, it would leave the system with reduced metal concentrations 
and a higher pH. 
The optimum configuration required for the establishment of the ARUM process had only 
been achieved by late July, due to problems encountered with bank stability in May 1991. 
Results indicate that in the Test Cell System, alkalinity-generation has taken place. 
Microbial alkalinity-generation is a complex chemical process. The data obtained are 
consistent with our present theoretical understanding of ARUM ecology. The systematic 
and stepwise approach taken throughout the project has demonstrated that a 
microbiological solution to AMD treatment is possible. With increasing understanding of 
the ecological requirements, new applications of microbial AMD treatment are emerging. 
_ ii _ 
For example, alkalinity-generating sediments can be used in collection ponds, open pits 
and polishing ponds. Further applications are envisaged on acid-generating tailings 
beaches. ARUM is used most effectively at the time of mine decommissioning, when the 
water balance of the drainage basin containing the tailings or the waste rock seepages 
is driven by the hydrological cycle alone. Parameters required for a functioning ARUM 
system will be defined with data collected during 1992. 
. . . 
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1.0 INTRODUCTION 
The MEND Project 3.11 .l: “Treatment of Acidic Seepages Employing Wetland Ecology 
and Microbiology” has reached the completion of its third year. The objectives of the 
project are to determine the conditions which will lead to the treatment and amelioration 
of acid mine drainage (AMD) through the use of ecological, microbial processes, which 
occur naturally in wetlands, and lake and ocean sediments. Their application to AMD 
treatment is referred to as ARUM (Acid Reduction Using Microbiology). The project has 
been financially supported by Into, Denison, Environment Canada, Energy Mines and 
Resources, CANMET and in this third year, by Centre de Recherche Minerales (CRM). 
In June 1990, the work carried out on 1) test cell construction, 2) AMD seepage 
characteristics, 3) the basic components of the microbial ecosystem, and 4) cattail growth 
under acidic conditions was described. In March 1991, a second report described the 
performance of the test cells, the prevailing hydraulic conditions and the geochemical 
characteristics of the system. Factors controlling iron hydroxide concentration in the cell 
system, and microbial alkalinity generation in the batch field ARUMators and in flow- 
through configuration in the laboratory were reported. Intensive work was carried out to 
determine those factors which might inhibit the initiation of favourable microbial activity. 
In late July 1991, the Test Cell System reached that configuration under which water 
quality improvements due to ARUM were expected. A microbially-active sediment was 
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established in the two last ceils above which floating cattail rafts were established. In the 
first cell, precipitation of iron hydroxide takes place and by end of the second cell. 
acidification is complete. Increasing pH and negative Eh readings were noticed in the 
water column of cells 3 and 4, which contained the microbially-active sediment. The pH 
above the sediment increased from 2.5 to 6.0. 
This report represents the third interim (final) report of the project, and thus summarizes 
work on the nutrient supply to the sediment, through growth and decomposition of 
cattails. The second report was critically reviewed, and a request was made that in the 
third year more emphasis be placed on sulphate-reducing bacteria (SRB) enumeration, 
which was previously assessed indirectly through blackening. SRB activity data, together 
with the water quality data from the batch ARUMators, are summarized. 
The objectives of the fourth and final year are to describe applications of the ARUM 
process, based on the data collected throughout the 1992 season. Data summarized in 
this report provide the foundation for addressing the final objective. Therefore, until the 
performance data for 1992 are at hand, detailed discussion and conclusions are not 
warranted. This report represents a data summary of the work carried out in 1991. 
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2.0 BACKGROUND OVERVIEW OF THE PROJECT 
In order to provide some context to the work carried out in 1991 the previous two years 
are briefly summarized below. 
Year 1: 
In the first year the Test Cell System was constructed and hydraulic adjustments were 
made to control flow. Test work in 45 gal drums (ARUMators) equipped with organic 
amendment and sampling ports, showed that microbial alkalinity-generation is possible. 
For example, increases in pH were reported from 2.5 to 5.7. Decreases in nickel 
concentrations from 91 mg/L in a sample from a surface port to 1.7 mg/L in a bottom 
sample of the same ARUMator were noted. The work of the first year led to the 
conclusion that floating cattail mats were needed. If the cattails are rooted in the 
amendment, the nutrients required for the ARUM ecosystem would be rapidly depleted 
by the bottom-bound cattail roots. Cattails, however, (leaf/litter and roots) are needed as 
a self-sustaining supply of organic carbon to the microbial ecosystem. An 800 gal 
fibreglass tank, with a smaller inner sleeve, containing the organic amendment, was 
installed at the end of the Test Cell System. This ARUMator would facilitate testing of the 
ARUM processes under completely controlled conditions. The research of the first year 
was reported in June 1990. A peer review was carried out on the project. It found the 
project scientifically sound and provided useful input. 
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Year 2: 
After the first winter the hydraulic conditions of the cell system required readjustment. It 
was established that the lowest controllable flows were 3 - 5 Urnin. The maximum flow 
which the system could sustain without structural failure was 300 Umin. Baseline 
chemistry of the system was defined in the second year. Groundwater contributions of 
1 L/min were found to have no~detectable effects on the water chemistry. The conditions 
under which precipitation of ferrous and ferric hydroxide takes place in the precipitation 
cell (Cell #l) were defined. A baffle system was installed in Cell #l which facilitated 
hydroxide precipitate settling. This resulted in a clear, acidic, AMD seepage in Cell #2, 
with lower iron concentrations. In Cells #3 and #4 amendment curtains were placed. 
They provided the substrate on which the microbial ecosystem could grow and where 
alkalinity was generated. Through the activity of SRB, hydrogen sulphide is generated 
which results in the precipitation of metal sulphides. An extensive microbiological 
investigation was carried out in the laboratory to define the growth requirements of the 
alkalinity-generating microbes. A report on the work completed in the second year was 
submitted in March 1991. 
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3.0 NUTRIENT SUPPLIES TO ARUM 
3.1 Foliar Fertilizer Experiments 
Acid mine drainage (AMD) produced through microbial oxidation of mine tailings and 
waste rock is a major pollution problem. Amelioration of AMD by wetlands can be 
anticipated if conditions are created which facilitate microbial alkalinity-generation and 
sulphate-reduction. Microbial communities require a carbon source, which can be 
derived from Typha lafifolia L. (cattail) either through release from roots into the 
rhizosphere or through litter decomposition. 
Cattail populations are tolerant of the harsh environmental conditions created by AMD. 
Iron accumulates in the rhizosphere and within both rhizomes and roots. X-ray analyses 
of cattail root sections examined by scanning electron microscopy show that very high 
concentrations of iron in association with sulphur are found on the root epidermal surface. 
Experiments with foliar fertilization of cattails are being carried out on acidic tailings in the 
Elliot Lake area (Ontario, Canada) to stimulate biomass production and hence the 
potential to ameliorate AMD (Schematic 1). Results to date indicate that at the 
concentrations used, the fertilizer had no significant (P 5 0.05) effects on dimensions or 
starch content of overwintering rhizomes, parameters which we are using as indirect 
-6- 
indicators of plant productivity. Fertilization significantly (P 5 0.05) reduced the weight of 
roots, based on the rhizome sections examined. 
These studies suggest that cattails grow well in AMD polluted waters and further studies 
will help optimise their role in reducing pollution and restoring wetland ecosystems 
(Fyson et al. 1991; Section 4.3), the major findings are summarized below. 
Data from the Makela test site indicate that cattails can grow in the presence of 300 mg/L 
of dissolved iron. This is more than has been suggested in the literature (around 150 
mg/L) as an upper tolerance limit (Samuel et al. 1988). -Some AMD contains much higher 
concentrations of iron (pers. obs.), but cattails have not been observed by us to grow in 
such conditions. It should also be mentioned that the chemistry of a feeding stream, as 
determined in this study, may Abe very different from the interstitial water to which cattail 
roots and rhizomes are directly exposed. The survey by Brodie (1990) on a number of 
constructed wetlands suggests that the iron content of water passing through cattail- 
dominated wetlands can be dramatically reduced by 90% or more, although figures vary 
considerably from one wetland to another. 
The SEM X-ray analyses of Makela cattail roots indicate that iron is by far the most 
abundant metal on the root surface, but it is not possible to accurately quantify metals 
from such analyses. Sulphur peaks were much smaller than those for iron, although 
sulphur was much more abundant in the water (around 1000 mg/L). This is consistent 
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with the iron deposits being composed of oxidised iron (Fe3’) in the form of ferric 
hydroxide as has been shown for rice (Chen et al. 1980) and suggested for cattails 
(Taylor et al. 1984). The absence of iron in exodermal cells beneath the root surface 
suggests that iron is only accumulated on the epidermal cell surfaces. Metals associated 
with the Makela roots have not been quantified. Other studies indicate that although 
roots and rhizomes can accumulate high concentrations (up to 5% dry weight) of iron as 
plaques (Taylor and Crowder 1983) estimates of total iron on roots and rhizomes in a 
cattail stand suggest that only a small percentage of iron can be removed from AMD by 
this route. 
It is probable that much greater amounts of iron and other metals are removed by 
precipitation as sulphides in sediments following alkalinity-generation by anaerobic 
bacteria. Such activity requires organic matter which may be provided by cattails. 
Therefore, there is a need to investigate means of increasing productivity of cattails and 
to determine whether this increases the capacity of a wetland to ameliorate AMD. Here 
we report on the first phase. 
The studies of Linde et al. (1976) indicated that rhizome size was a good indicator of 
productivity. Analysis of the data suggests that the foliar fertilization procedure had no 
clear effects on rhizome size, pith content or starch content. At the sampling time 
(March), the cattails were still in an overwintering state. Therefore, starch content should 
be near a maximum and reflective of the productivity during the summer of 1990. The 
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reduction of root growth in the presence of fertilizer is interesting and suggests that root 
production is stimulated by stress (such as nutrient-limiting) conditions. This affect, 
however, is unlikely to have much direct effect on productivity, as roots comprise less 
than 10% of total plant dry weight (Hogg and Wein 1987). 
The following conclusions may be drawn from this study: 
Cattails grew in AMD affected water at Makela with a dissolved iron content of 300 
mg/L and a total acidity of 600-800 mg/L equivalents of CaCO,. 
Iron is the predominant metal accumulated on the surface of Makela cattail roots 
as shown by X-ray analysis in association with SEM. Some sulphur and silicon 
were also present on the root surfaces. 
Foliar fertilization of Elliot Lake cattails exposed to AMD had no significant effect 
(P 5 0.05) on rhizome size or starch content, but significantly reduced (P 2 0.05) 
the mass of roots on the rhizome sections sampled. 
3.2 Establishment of Floating Typha Populations 
Floating Typha populations are being examined as potential long-term sources of organic 
carbon, required for microbial alkalinity-generation in the ARUM (Acid Reduction Using 
Microbiology) process. Establishment of Typha populations from seed currently appears 
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the most effective means of establishing floating Typha mat populations. Several practical 
techniques for germinating Typha seeds and promoting Typha seedling development 
were tested in the lab and greenhouse during this work. Maintenance of constant 
substrate moisture and selection of substrates with circumneutral pHs for seed 
germination, and provision of nutrients during seedling establishment, have been 
identified as key measures. 
The extremely high productivities of cattail, or Typha populations (Wetzel 1983), their 
exceptional capacity to colonize harsh environments (Kalin 1984). and their rapid 
spreading capacity (Dykyjova and Kvet 1978), make populations of this species a 
practical, natural organic carbon source integral to the functioning of the Acid Reduction 
Using Microbiology (ARUM) process. 
An effective, economical means of establishing floating or rooted cattail stands over large 
areas can probably be achieved only by techniques using Typha seeds, through: 
1) maximizing the rate of colonization by Typha. 
2) reducing transplant-related labour costs, and 
3) facilitating construction of floating populations. 
Most Typha species populations’ distributions are limited to areas with water depths less 
than 2 meters, as these populations are anchored to the sediment via their root-rhizome 
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systems. A significant portion of the plant’s photosynthetic shoot must emerge above the 
water for efficient gas exchange. This commonly restricts these populations to shallow 
areas, or the perimeters of deeper ponds and lakes (Dickerman and Wetzel 1985). 
However, there are examples of Typha populations where large areas of bottom-bound 
mats of Typha rhizomes and roots have broken free, and their low density has forced the 
populations to float perennially above open water (Hogg and Wein 1987; Mallik 1989). 
These natural, perennially floating mat populations are strong evidence that Typha 
populations can in fact survive and proliferate without direct contact with bottom 
sediment. 
Recent, detailed studies of these Typha mat populations indicate that the major plant 
components contributing to mat formation and maintenance are the Typha rhizome and 
roots. Thus, these mats are maintained primarily by the plant components within the mat, 
rather than through deposition of leaf biomass from above (Hogg and Wein 1987). 
Although not addressed by workers to date, it could be surmised that any contribution 
by the floating Typha mats to the underlying sediment floor would primarily originate from 
the sloughing of organic matter from the bottom and sides of the mats. 
Floating Typha mats are envisioned to provide a long-term carbon source to the ARUM 
process (Kalin 1990), meeting a nutritional requirement for microbial alkalinity-generation. 
Floating mats offer significant advantages over rooted, bottom-bound emergent 
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populations. To establish floating cattail mats most effectively, plants should be derived 
from seedlings. This paper reports on cattail seed germination in the laboratory and in 
the greenhouse. 
The factors controlling seed germination have been summarized by Smith (1991; Section 
4.3). The techniques developed in the laboratory were transferred to the field. In Plate 
1, seedling populations from an uncontaminated germination site near the Makela test site 
are depicted. These populations were transplanted to rafts on the test cells depicted in 
Plate 2. In 1990, during the development of the floating structures, cattail rafts were 
installed on the seepage collection pond (Plate 3). It is evident that although the pH is 
low in this seepage collection pond, the populations are thriving. Work carried out on 
other sites indicated that appropriate fertilization is essential in the first year. If the 
installation of the floating cattail mat had not been delayed (due to instability of the cell 
banks), the population would have been larger. To provide more evidence of 
survivability, Plate 4 shows a cattail population growing in an acidic pit. The carbon 
distribution in the floating cattail rafts has been quantified. The results are presented in 
Figure 1. 
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3.3 Decomposition of Organic Matter 
In order to achieve a functional ARUM system, at least two major technical aspects of the 
ecosystem to be introduced to the acidic waters have to be studied: 1) microbial fibrolytic 
activity, or in broader terms, decomposition of organic matter in high metal-bearing, 
inorganic, acidic waters, and 2) the generation of a supply of organic carbon which does 
not interfere with the biogeochemical processes in sediments. 
Peat, alfalfa, sawdust and Typha litter were placed in 50 cubic metre batches of acid mine 
drainage (AMD) water. In a fresh water lake, decomposition rates (based on weight 
loss) of Typha litter, can be expected to range between 20 and 30% per month over the 
ice-free season (Nelson et al.~ 1990). Weight loss of organic matter in AMD appears 
comparable (8 to 31%) for Typha litter. Physical loss of some weighed material 
undoubtedly took place, as reflected by the high weight loss (49 - 62%) after 31 or 34 
days for peat, at all placement locations. Weight losses for sawdust are probably inflated 
for the same reason. 
Biodegradable fractions of oroanic materials: Nelson et al. (1990) have demonstrated 
that as much as 10% of Typha litter weight is leached within 48 hours. It can be expected 
that, under acidic conditions prevalent in the present study, at least this percentage of 
biodegradable components is removed by leaching. 
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The biodegradable fractions of the organic materials, being tested in the field as ARUM 
starter materials, were determined using the methods for forage fibre analysis after 
Goering and Van Soest (1970). The results of the first extractions have been summarized 
in Smith and Kalin (1991; Section 4.3). 
The weight loss and sequential nutritional analysis of the biological materials after 349 
days of exposure to AMD in the Makela test cells are presented in Table 2. These results 
clearly indicate that sawdust has the lowest biologically-available carbon fraction of any 
tested material. All other materials appeared to be of similar biodegradability. 
4.0 ARUM: MICROBIOLOGY, CHEMISTRY AND HYDROLOGY 
In the ARUM process, acid mine drainage is effectively treated by supplying appropriate 
types and concentrations of organic nutrients to micro-organisms. The microbial 
community is comprised of several groups of organisms, collectively capable of 
increasing the bulk pH of the AMD, generating alkalinity, and reducing sulphate to 
hydrogen sulphide. 
The establishment of the ARUM microbial community requires that substrates be available 
for those bacteria capable of increasing pH to levels favourable for microbial sulphate- 
reduction (>pH 4). Conditions which facilitate decomposition of the organic material must 
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also be met, such that the organic carbon supply to the ARUM microbial community, 
particularly to SRB, is maintained. 
Sulphate-reduction may be summarised in the following reaction: 
SOa2- + CH,CHOHCOO‘ + H,S + CH,COO- + 20K 
sulphate lactate sulphide acetate hydroxide 
From this equation, it can be seen that sulphate reducing activity: 
1) Removes sulphate from solution. 
2) Generates hydroxide (alkalinity). 
3) Increases pH (net consumption of H+). 
4) Generates H,S, which in turn precipitates metals as sulphides. 
These conditions are found naturally in sediments. Therefore, once the appropriate 
combination of organic materials have been identified, static or batch conditions will 
provide the most expedient way to initiate the appropriate microbial community. To 
determine limiting factors to the microbial community, experiments were carried out in the 
laboratory and are summarized in Section 4.1. 
ARUMators, 45 gal drums filled with amendment, were used to initiate the microbial 
processes. The results of both ARUMators A and B, filled with AMD from Denison, and 
ARUMators 1,2 and 3 filled with AMD from Makela are given in Section 4.2. The results 
of flow-through experiments in the Test Cell System are presented in Section 4.3. 
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4.1 Laboratory Work and Microbiology 
Sulphate reducing bacteria (SRB) are one of the essential components of the ARUM 
microbial community. During the 1990 work on the Test Cell System at Makela and other 
work at Denison, the presence of SRB in the organic matter was noted when blackening 
by metal sulphides was visible. 
Enumerations of sulphate reducers in the organic matter placed in the test cells were 
carried out using two methods. On-site, a rapid, immunological test (Rapidchek) was 
used, while in the laboratory, enumerations were performed using the culture medium 
Postgate B. During 1989, Postgate B and other media were tested for their reproducibility 
when quantifying sulphate reducer populations. 
In order to clearly establish that sulphate reducers were viable and actively growing, and 
not just present, experiments examining the period required for ARUM onset were 
performed in laboratory jar tests. Organic matter from the curtains in the test cells was 
added to AMD in glass jars. The establishment of negative Eh and increases in pH 
indicated that ARUM activity was present and confirmed the viability of microbial 
populations. 
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Methods: Amendment curtains in Cells 3 and 4 were sampled in August 1991 (see 
Schematic 2). Amendment and the surrounding AMD solution were collected. One L 
plastic Nalgene bottles were filled with amendment, then topped up with the AMD. 
Samples were kept on ice and analyzed in the laboratory within 3 to 4 days. The pH and 
Eh of samples were determined and sub-samples analyzed at Dearborn to quantify SRB 
and other bacteria associated with ARUM consortia. SRB populations were further 
examined by enumeration using serial dilution. The two tests were then compared. 
Amendment samples (50 ml) were placed in 2 L glass jars with 1 L of Makela Cell 2 
water at a pH 2.9. The experiment was monitored over a period of 127 days for changes 
in pH and Eh. The experimental set-up is being maintained and periodically monitored, 
in anticipation that bacterial populations might exhaust the supply of sulphate or carbon. 
Microbial profiles: Profiles of the bacterial populations and total microbial activity (ATP) 
in the August 1991 amendment samples were conducted at Dearborn. Bacterial numbers 
were determined by serial dilution in culture tubes. Bacteriological media used were the 
same as described in the 1990 Final Report. 
The results are summarized in Table 3a. Reducing conditions (negative Eh) and both 
large numbers of bacteria (? 4 x iO’/mL) and high ATP (2 7.1 mg/mL) concentrations 
were found in all amendment samples, indicating a dense microbial community. 
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SW, both lactate utilizers (Postgate B medium) and volatile fatty acid utilizers (Postgate 
F medium) were present in every sample. The highest SRB numbers were found in 
curtain 3 in Cell 4. Samples from this location also had the highest pH (5.0 surface, 4.6 
bottom) and lowest Eh, suggesting that ARUM was active. All samples contained 
substantial populations (>103/mL) of iron reducers and ammonifiers. The abundance of 
iron in the ferric (Fe’3) state is likely serving as an electron acceptor for iron-reducing 
bacteria. Substrates for ammonifiers (amines, peptides etc.) are provided by the 
decomposition of the flax. Volatile fatty acid-producing bacteria were also most abundant 
in curtain 3 of Cell 4. These bacteria provide substrates for both SRB and iron reducing 
bacteria. 
Numbers of denitrifiers were generally low (5 i/mL); this was expected, given that the 
concentration (<O.Oi mg/L) of nitrate, required as an electron acceptor, is low in the 
AMD. One exception is the sample from the bottom of curtain 3 in Cell 3, which 
contained 1 O4 denitrifiers/mL. This is probably due to the presence of slow-release NPK 
fertilizer located in the immediate vicinity of this sampling location. 
Overall, samples tested had a variety of microbiological profiles (Table 3a). The surface 
sample from curtain 1 in Cell 4 had a low pH (3.5) and relatively low numbers of SRB. 
The bottom sample from curtain 3 of Cell 3 had a pH of 4.1 and high numbers of SRB 
and denitrifiers. The sample from curtain 3 of cell 4 has the highest pH (4.62) and 
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intermediate numbers of SRB and large populations of iron-reducing and ammonifying 
bacteria. 
SRB Enumeration - A comparison of methods: Enumeration of SRB and other bacteria 
by traditional culturing methods is not practical in the field. The Rapidchek test for SRB 
provides a fast and simple alternative. This is an immunological test, based on 
quantification of binding of an enzyme (APS reductase) to an antibody in the test kit. 
Such binding leads to the development of a blue colour in minutes, in the presence of 
SRB. A study was carried out to compare numbers of SRB determined by Rapidchek 
and with inoculation of Postgate B culture medium in dilution series. The data are 
summarised in Table 3b. Also included are the results of samples taken from a site 
where the AMD conditions are so severe that negative results can be expected. 
SRB were always associated with a negative Eh and pH 2 3.4. Wherever an H,S smell 
was associated with the amendment, SRB were found. SRB numbers determined by 
Rapidchek in the field and laboratory were similar, indicating that results are reproducible 
and that samples may be stored~ (on ice) for 3 or 4 days before carrying out the test. 
SRB numbers determined on Postgate B medium were generally lower than those with 
the Rapidchek tests. This is not unexpected, as this medium will only support the growth 
of that subpopulation of SRB which utilise lactic acid as a carbon source. The samples 
with high estimates on Postgate B generally also had high estimates with Rapidchek. The 
Rapidchek test is less sensitive (detection limit, lo3 bacteria/ml) than the serial dilution 
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test, and for samples S3, S4 Andy S5, was unable to detect the SRB present. For most 
samples, these results indicate that Rapidchek test kits provide a good method for 
determining SRB numbers. 
ARUM Jar Experiment: An experiment was set up in the laboratory to determine whether 
the establishment and maintenance of ARUM is related to the microbiological populations 
present in the amendments. 
The pH and Eh data for jars with amendment from three locations are summarized in 
Figures 2 and 3. Samples from curtain 3 in Cell 3 (M4) and curtain 3 in Cell 4 (M8) 
maintained ARUM for 69 and 19 days respectively as indicated by low Eh (c +200 mv) 
and an H,S smell. Amendment from curtain 1 in Cell 4 (M5) was unable to establish 
ARUM and both pH and Eh remained stable throughout the incubation period. 
In Figures 4 and 5 the electrical conductivity and the acidity of the jar solutions are given. 
In Figure 6 the acidity titration curves of the various treatments on Day 145 are shown. 
Replicate numbers are shown in parenthesis. It is evident, that the jar with the lowest 
acidity contained a l/4 dilution of Makela water (M5 i/4 D). Although the dilutions did not 
produce a significant difference in pH of the solution, the acidity of the AMD was clearly 
different. Unfortunately, given this.experimental approach, it is not possible to differentiate 
the effect of ARUM from that of dilution. 
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4.2 ARUMators - Denison and Makela 
Denison: The spring of 1990, ARUM initiation under batch conditions in ARUMators was 
investigated with Stanrock Straw Pond AMD in situ. These ARUMators were closed 170 
L plastic drums containing flax straw, iron bars, and filled with Straw Pond AMD. These 
drums were equipped with sampling ports, permitting extraction of solutions from the 
surface, middle and bottom of the ARUMator water column. 
In Figures 7-16, the analyses of water extracted from the ARUMators over the monitoring 
period are presented. Unfortunately, a May 1990 Straw Pond water sample was not 
taken, and instead a March 29 1990 sample has been used as a reference point. In the 
two months following set-up (May and June, 1990) the pH of both ARUMators increased 
from an ambient pH of 2.9 to at least pH 4.5 (Figures.7 and 8). The pH of ARUMators 
A and B continued to increase over the next year to pH 6.5, until approximately 40 L, 30% 
of the ARUMator volume, was replaced with new AMD in September 1991. The AMD 
addition to the upper half of the ARUMators did not affect pH of the solution in the middle 
of the ARUMators by more that 0.5 pH units. 
In Figures 9 and IO, the dissolved sulphate concentrations in the ARUMators are plotted 
against time. The rapid decline in sulphate concentrations from 1,700 mg/L to virtually 
zero values represents direct evidence that bacterially-mediated sulphate-reduction, 
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central to the ARUM process, was active in the ARUMators. In fact, within two months, 
the very low sulphate concentration in ARUMator B may have been limiting ARUM activity, 
while for ARUMator A, the very low sulphate concentrations were probably ARUM-limiting 
by October 1990, five months after set-up. 
As was expected, after addition of 40 L of new Straw Pond AMD ([SO,J=2,700 mg/L) in 
September 1991, sulphate concentrations increased in the ARUMators. However, as 
described above, the solutions in the middle of the ARUMators were resilient to this acid 
addition, as indicated by the minor change in pH. 
Although the acidities and alkalinities of ARUMator solutions were, overall, variable over 
the monitoring period (Figures 11 and 12) it appears that by October 1990, acidities had 
reached their lowest levels, This coincides with the time of sulphate depletion in both 
ARUMators. Following sulphate depletion, acidities climbed in both ARUMators to levels 
similar to set-up. 
However, concurrent with the acidity decline and increase, alkalinities steadily increased 
over the monitoring period. This indicates that ARUMator solution alkalinities are not 
inversely related to the level of sulphate-reduction, but more related to other processes 
generating alkalinity. 
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With overall high pH and complete sulphate-reduction to sulphides, trends in dissolved 
iron concentrations should have closely matched sulphate concentrations, if iron 
sulphides were precipitated. The data presented in Figure 13 for ARUMator A indicate 
that dissolved iron concentrations paralleled sulphate concentration decreases, 
suggesting iron sulphide precipitation. However, in ARUMator B, this did not appear to 
be the case (Figure 14). Instead, high concentrations of iron remained dissolved, with 
the exception of the bottom solution sample collected on August 8 1990. One 
explanation for these observations may be that a greater amount of elemental iron was 
corroded in ARUMator B than A, and upon completion of sulphate-reduction, much more 
residual dissolved iron remained .in ARUMator B. 
It is interesting to note that dissolved aluminum concentrations in the ARUMator solutions 
rapidly dropped to very low levels soon after set-up, and have remained so ever since 
(Figures 15 and 18). Even after the addition of fresh AMD in September 1991, aluminum 
concentrations increased to only 6 mg/L in the middle of the ARUMators (Straw Pond 
ambient aluminum concentrations, 78-111 mg/L). Apparently, changes in the ARUMator 
chemistry in the first two months after set-up were appropriate for precipitation of 
aluminum, likely in the form of hydroxides. 
It might be argued that addition of elemental iron to the.ARUMators at set-up induced pH 
increases and, subsequently, aluminum precipitation. However, increases in pH during 
corrosion of iron in mild sulphuric acid does not affect the acidity of the solution. The 
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increased concentration of dissolved iron after corrosion requires a similar amount of 
sodium hydroxide during titration to pH 8.3 as hydrogen ions would have required. The 
data for ARUMator A, in fact, show a significant acidity decrease. As well, iron corrosion 
chemistry will not affect sulphate concentrations, but data for both ARUMators indicate 
that nearly all of the sulphate was removed from solution. 
Makela: ARUMators 1 and 2 in Test Cell 4 are identical to ARUMators A and B at Denison 
with the exception that those at Makela are submerged, thereby allowing slow influx and 
effluent of AMD water with changing external water levels. ARUMators received Cell 4 
water continously, since the cell water level changed several times. ARUMator 3 is a 
fibreglass tank with an inner core containing the ARUM microbial community. ARUMator 
3 was designed to test flow-through conditions. 
The same parameters are plotted in Figures 17 to 46, as were plotted in Figures 7-l 6 for 
Denison ARUMators. The pH increased after several months and remained high in 
ARUMators 1 and 2. Large fluctuations in pH, however, were evident in ARUMator 3 
samplings (Figures 17 to 19). 
Ehs are presented in Figures 20 to 22. The data support the increases in pH found in 
ARUMators 1 and 2, and reflect the fluctuations in pH found in ARUMator 3, although 
fluctuations in Eh were less pronounced. In Figures 23 to 25, the electrical conductivities 
are given. Essentially, the changes in conductivity found in ARUMators 1-3 can be 
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accounted for by temperature changes. The acidities of the ARUMator samples are 
presented in Figures 26 to 28. Acidities dropped and remained low in ARUMators 1 and 
2 with the onset of alkalinity-generation and the increases in pH. Again, as expected, the 
flow-through ARUMator 3 produced variable results. Only during 1991, was a significant 
reduction from 1500 to 500 mg/L CaCO, equivalents noted. Alkalinities reflect the 
opposite of the acidities for the ARUMators (Figures 29 to 31). Sulphate concentrations 
were significantly reduced in ARUMators 1 and 2 and marginal decreases were noted in 
ARUMator 3 (Figures 32 to 34). Nickel concentrations were quickly reduced to detection 
limit in both ARUMators 1 and 2, and remained at that level (Figures 35 and 36). 
However, in ARUMator 3, nickel decreased more slowly, requiring almost 1 year to reach 
detection limits (Figure 37). Iron followed the same trend, in that iron concentrations in 
both ARUMators 1 and 2 required about a year to drop to or below detection limit 
(Figures 38 and 39). ARUMator 3 showed fluctuations in iron concentrations, consistent 
with both the pH and acidity variations (Figure 40). Copper concentrations were 
generally low (at or below detection limit) in the Makela seepage. Concentrations above 
detection limit in ARUMators 1 and 2 were only noted in May 1991 (Figures 41 and 42). 
Higher concentrations and the expected fluctuations were noted in ARUMator 3 (Figure 
43). Reasons for the unexpectedly high copper levels in ARUMator 3 are discussed in 
Section 4.3. Aluminum concentrations have been increasing in all three ARUMators since 
May 1991. The reason for these increases could be deteriorating plastic in the 
submerged ARUMators. 
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During the installation of the cattail floats, open-surface ARUMators were established in 
both Cell 3 and Cell 4. The results obtained from chemical analyses after 48 days are 
presented in Table 3c. The concentrations of sulphate, iron, nickel are reduced at the 
surface but. less so on the bottom. 
4.3 Discussion 
The results presented in the previous sections are basically consistent with the presence 
of ARUM microbial activity. Throughout the MEND program, several papers have been 
published, in which portions of the above information have been used. The publications 
which contain data from the Mend project are given below. 
Cairns J.E., Ft. McCready and M. Kalin (1991). “Integrated field and laboratory 
experiments in ecological engineering methods for acid mine drainage treatment.” 
Proceedings of the Second International Conference on the Abatement of Acidic 
Drainage, 1991, pp.409-425 
Fyson A., M.W. English and M. Kalin (1991). “Effect of foliar fertilization on the 
accumulation of iron by Typha latifoka. Proceedings of the Eighteenth Annual 
Conference on Wetlands Restoration and Creation, 1991. 
Kalin M. (1991 a). “Decommissioning open pits with ecological engineering.” Proceedings 
of the Annual General Meeting of the Canadian Mineral Processors, Ottawa, 
January 21-23, 1992 
Kalin M. (1991 b). “Biological alkalinity-generation in acib mine drainage.” Proceedings of 
the 23rd Annual Meeting of the Canadian Mineral Processors, Paper No. 9, 1991. 
Kalin M.(i 991 c). “Microbial alkalinity-generation for treatment of acid mine drainage.” 
Abstract: IX International Symposium on Biohydrometalurgy, Troia, Portugal. 
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Kalin M., J. Cairns and Ft. McCready (1991). “Ecological engineering methods for acid 
mine drainage treatment of coal wastes.” Resources, Conservation and Recycling, 
5, 1991. 
Kalin M., J. Cairns and W.N. Wheeler (1991). “Biological Alkalinity-Generation in Acid Mine 
Drainage.” Proceedings of the Second International Symposium on the Biological 
Processing of Coal, 1991. 
Kalin M. and M.P. Smith (1991). “Biological amelioration of acidic seepage streams.” 
Proceedings of the Second International Conference on the Abatement of Acidic 
Drainages 1991, pp. 355-368. 
Smith M.P. (1991). “The development of techniques towards floating Typha mat 
populations integral to the ARUM process.” Proceedings of the Seventh BIOMINET 
Conference, Mississauga ON, (MSLSl-001) pp. 17-22. 
Smith M.P. and M. Kalin (1991). “Floating Typha mat populations as organic carbon 
sources for microbial treatment of acid mine drainage.” Abstract: IX International 
Symposium on Biohydrometalurgy, Troia, Portugal. 
Wheeler W.N., M. Kalin and J. Cairns (1991). “The ecological response of a bog to coal 
acid mine drainage - deterioration and subsequent initiation of recovery.” 
Proceedings of the Second International Conference on the Abatement of Acidic 
Drainage, 1991, pp. 449-484. 
4.4 Makela Test Cell System : Flow-Through Treatment 
Iron Hvdroxide Precioitation: The precipitation rates of iron hydroxide and the volumes 
which accumulate will determine the design criteria for the ponds, which precede the cells 
in which ARUM will generate alkalinity and reduce sulphate. These rates were determined 
in Cell 1, the location of which is given in Schematic 2. 
In Table 4 the updated information on iron precipitation is presented for various periods 
of observation. Iron precipitation ranged in the same order of magnitude for the first 
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three periods (3 July to 23 August 1990), (6 March 91 to 25 May 91), and (28 Aug 1990 
to March 6 1991). Iron precipitation rates increased significantly in the summer 1991. It 
is presently suspected, that this was due to the problems encountered with the bypass 
channel. Unfortunately, sedimentation buckets were not removed during the period of 
construction. The origin of the increase will be addressed during the summer of 1992. 
Makela Svstem Hvdroloqv and Water Qualitv Monitorina: On August 9 1990 a complete 
survey of the water quality and hydraulics was carried out. The system flow rate at the 
control valve was 3.7 L/min (leaving Cell #2) and the rate leaving the cell system was 4.9 
L/min. Thus ground water contributed about 1 Umin (Figure 47). 
In 1991 the flow conditions were adjusted to 1 .O L/min at the control valve. Due to some 
difficulties encountered with the seepage bypass and subsequent repair work, the flow 
through the system was shut off. Thus at the inflow rate of 1 Urnin, the system was 
allowed to fill between July 5 1991 (Figure 48) and August 14 1991 (Figure 49). By 
August 14, 1991 a flow rate of 0.8 Umin at the control valve and 0.6 Umin at the outflow 
of Cell #4 was achieved. Within the measurement error of these flows, it can be said that 
this condition represents little or no ground water inflow to the Test Cell System. Note 
the large difference in piezometer heads between 1990 and 1991 by comparing 
piezometer heads on August 90 (dashes and boxes: Figure 47) to those obtained by 
September 1991 (dashes and boxes; Figure 50). 
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A complete water quality survey was carried out on September 10 1991, when the system 
was flowing at 1 .I Urnin at the control valve and 0.6 L /min at the outflow. Although this 
appears as if less water is leaving the system, 0.36 Urnin were flowing at that time 
through ARUMator #3 (Figure 50), which suggests that essentially no groundwater was 
contributing to the flow, confirming the August 14 1991 measurements (Figure 49). 
On August 9, 1990 seepage water entered the Cell #l at pH 6.4 with a conductivity of 
3000 MS/cm and an Eh of -48 mV. By the end of Cell #2 the pH had decreased to 2.9, 
conductivity increased to around~ 3900 us/cm and Eh increased to +400 mV. At that 
time, the amendment curtains had been installed, but no change in water characteristics 
in Cell #3 and Cell #4 could be detected. However, water in ARUMator #3, the 800 gal 
fibreglass tank, reached a minimum pH of 4.9 and negative EHs throughout the water 
column (Figure 51). After successful establishment of reducing conditions in the 
ARUMator #3, it was opened up. This entailed the removal of the inner sleeve, and 
drilling a series of holes into the sleeve and filling the outer sleeve with AMD seepage 
from Cell #4 (Figure 51). 
Although essentially all elements which contribute to the cation/anion balance are 
monitored in the cell system for the evaluation of water quality improvements, sulphate, 
iron, nickel and copper concentrations have been selected for discussion. 
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In August 1990 the seepage water entering Cell #l contained 3125 mg/L sulphate, 302 
mg/L iron, 29 mg/L nickel and 0.07 mg/L copper. These concentrations of sulphate, 
nickel and copper increased through the system. Sulphate increased to 3434 and 3290 
mg/L (Cell #3 and Cell #4, respectively). Nickel, increased to 57 mg/L in Cell #3 and 50 
mg/L in the outflow. Copper increased to 4.1 mg/L in Cell #3 and 1.6 mg/L at the outflow 
of Cell #4. The concentrations of iron were reduced, due to precipitation in Cell # 1 to 
about 147 mg/L. Iron concentrations decreased further through Cells 2,3 and 4, leaving 
the system at about 50 mg/L. The further reductions were possibly due to iron 
precipitation in the amendment curtains (Figure 52). 
The increases in the metal concentrations were likely connected to the redissolution of 
evaporates which have formed ins Cells #3 and #4 along the cell walls. Redissolution of 
metal hydroxides in AMD streams has been documented recently by Davis et al. 1991, and 
would thus be expected to occur prior to the onset of the ARUM process. 
Once these initial conditions had been established, further water chemistry surveys were 
carried out. After 11 months, only Cells #3 and #4 displayed slight increases in pH, from 
3.0 in 1990 to 3.2 in July 1991. Eh and conductivity remained at baseline values 
established in the prior year. The onset of the ARUM process, however, is evidenced by 
significantly increased pHs on the bottom of Cell #4 (pH 3.0 to 5.1; Figure 53) and 
significantly reduced Ehs (+430 mV to +97mV). The concentrations of sulphate, iron, 
nickel and copper on July 5 1991 were not different from those noted the previous year, 
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as expected from the pH, Eh and conductivity values reported (compare Figures 53 and 
51). 
ARUMator #3 water quality, however, has significantly improved. Sulphate concentrations 
were reduced from 3616 mg/L in August 1990 to 2406 mg/L in July 1991. Iron was 
reduced in all sampling locations with the exception of the bottom. Thus, iron was 
reduced from 205 to 62 mg/L in the middle of the sleeve and from 201 mg/L at the top 
to 39 outside and 73 mg/L inside the sleeve. Nickel was reduced at the bottom from 149 
to 2 and 4 mg/L, outside and inside the sleeve, respectively. Copper concentrations were 
low in ARUMator #3 in 1990, having dropped from an initial 1.7 mg/L to cl mg/L. Copper 
concentrations remained low, at or below detection limits (Figure 54). Flow-through 
conditions in ARUMator #3 were established after these results were observed. 
One month later, on August 14 1991, the development of ARUM in ARUMator #3 should 
have progressed further. Indeed, in Cells #3 and #4, pH had increased to 5.9 at the 
bottom of Cell #4 and pH 5.4 at the bottom of Cell #3. At a height of 40 cm from the 
bottom upwards in the water column, pH values as high as 4.8 were recorded for Cell #4 
and pH 4.0 in Cell #3. Negative Ehs accompanied the increased pH values (-90 mV; 
Figure 55). The water surface pHs were unchanged. It was expected that the uppermost 
zone would continue oxidizing until reducing conditions were established in the cells, due 
to decomposition of organic matter on the established cattail mats. 
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The pH, Eh and conductivity measurements which accompanied the water quality survey 
of September IO 1991 indicated that the ARUM effects which were documented in August 
remained. Continued improvements in pH in the lower part of the water column in Cell 
#3 and Cell #4 were noted. Up to a depth of 60 cm the pH in Cell #4 was around 6.0 
and in Cell #3 at a depth of about 30 cm, pH 5.4 was encountered (Figure 56). 
Sulphate, iron, nickel and copper concentrations were monitored after 5 weeks of 
operation at I Umin (August-September 1991). The following conditions can be reported 
compared to baseline data collected in August 1990 (Figure 52), or July 1991 (Figure 54). 
Sulphate concentrations remained unchanged throughout the system entering at 3030 
mg/L and leaving at 3240 mg/L. Iron removal was effective, as expected, reducing 
concentrations from 258 mg/L entering in the seepage, to 22 at the discharge (Figure 57). 
Differences between surface and bottom water quality in Cells 3 and 4 should be evident 
if the ARUM process is operating. Large differences with depth were noted in nickel 
concentrations (74 mg/L surface vs. 12 or 33 mg/L; Cell #4). In Cell #3 the nickel 
reductions ranged from surface values of 24 to 51 mg/L to 24 or 15 mg/L in the lower 
part of the cell. Copper was present in surface waters at <I to 4 mg/L, whereas bottom 
samples contained 1 or less than 1 mg/L (Figure 57): 
On September 22 1991, samples were collected from the control valve, leaving Cell #4, 
and at the outflow from ARUMator #3 for determination of microbial alkalinity-generation. 
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Results (Figure 58) indicate that, although the system outflow pH did not show any 
significant pH increases (control valve, pH 2.3 and ARUMator #3 outflow 3.5), alkalinity 
had indeed been generated. In order to reach pH 7 at the control valve, 0.7 mL of 0.01 
N NaOH was consumed, in comparison to the ARUMator #3 oufflow or the Cell #4 
outflow which required only 0.4 mL of 0.01 N NaOH. 
The volume of the water between the control valve and the outflow is estimated to be 188 
m3. At the flow rate of about 1 Umin this results in a retention time of about 4 months, 
or one growing season, during which the equivalent of 27 kg of calcium carbonate 
equivalent of alkalinity was generated in the surface water. Surface water was also the 
least affected by the ARUM process as its pH was still at pH 3.5. If water were 
discharged from the lower part of the water column in Cell #3 and Cell #4, a pH of 5 
to 6 would be discharged. 
5.0 CONCLUSION 
A voluminous amount of information has been collected in the third year of the project. 
However, laboratory data, field experiments, and Test Cell performance data &l are all 
consistent and reproducible. There is no question, that alkalinity-generating sediments 
can, given the right conditions, reduce sulphate and increase alkalinity. The final year of 
monitoring is expected to produce operating parameters for the ARUM process. 
- 33 - 
6.0 REFERENCES 
Brodie, G. A. 1990 Constructed wetlands for treating acid mine drainage at Tennessee 
Valley Authority coal facilities. In “Constructed wetlands in water pollution control” 
Ed. by P. F. Cooper and 6. C. Findlater pp. 461-470 Pergamon Press, Oxford, U.K. 
Canadian Water Quality Guidelines, March 1987. Prepared by the Task Force on Water 
Quality Guidelines of the Canadian Council of Resource and Environment Ministers 
(CCREM). 
Chen, C. C., Dixon, J. B. and F.T. Turner 1980. Iron coatings on rice roots: mineralogy 
and quantity influencing factors. Soil Sci. Sot. J. 44: 635-639. 
Davis, A., R.L. Olsen, D.R. Walker 1991. Distribution of metals between water and 
entrained sediment in streams impacted by acid mine discharge, Clear Creek, 
Colorado, Applied Geochemistry, Vol. 6, 1991, pp.333-248. 
Dickerman, J.A., R.G. Wetzel, 1985. Clonal growth in Typha lafifolie: Population dynamics 
and demography of the ramets. Journal of Ecology 73: 535 - 552. 
Dykyjova, D., J. Kvet, 1978. Pond Littoral Ecosystems. Springer-Verlag, New York. 
Goering, H.K., P.J. Van Soest, 1970. Forage fibre analysis. Agricultural Handbook No. 
379. US Department of Agriculture, Washington, D.C. 
Hogg, E.H., R.W. Wein, 1987. Growth dynamics of floating Typha mats: seasonal 
translocation and internal deposition of organic material. Oikos 50: 197-205. 
Kalin, M., 1984. Long Term Ecological Behaviour of Abandoned Uranium Mill Tailings. 2. 
Growth Patterns of Indigenous Vegetation on Terrestrial and Semi-aquatic Areas. 
Report EPS 3/HA/2. Environment Canada. 
Kalin, M., 1991. Biological alkalinity-generation in acid mine drainage. Proceedings of the 
23rd Annual Meeting of the Canadian Mineral Processors, Paper No. 9. 
Kalin, M., J. Cairns, R. McCready, 1991. Ecological engineering methods for acid mine 
drainage treatment of coal wastes. Resources, Conservation and Recycling 5: 265 
275. 
- 34 - 
Linde, A. F., T. Janisch, and D. Smith, 1976. Cattail - the significance of its growth, 
phenology and carbohydrate storage to its control and management. Technical 
Bulletin #94, Department of Natural Resources, Madison, WI. 
Mallik, A.U., 1989. Small-scale succession towards fen on floating mat of a Typha marsh 
in Atlantic Canada. Canadian Journal of Botany 67: 1309-1316. 
Nelson, J.W., J.A. Kadlec, H.R. Murkin, 1990. Seasonal comparisons of weight loss for 
two types of Typha g/auca Godr. leaf litter. Aquatic Botany 37: 299-314. 
Samuel, D. E., J.C. Sencindiver and H.W. Rauch, 1988. Water and soil parameters 
affecting growth of cattails: Pilot studies in West Virginia Mines. In “Mine d&r@! 
pp. 367-374. 
Taylor, G. J. and A.A. Crowder, 1983. Uptake and accumulation of copper, nickel and 
iron by Typha lafifolia in wetlands of the Sudbury, Ontario region. Can. J. Bot. 61: 
1825-i 830. 
Taylor, G. J., A.A. Crowder and R. Rodden, 1984. Formation and morphology of an iron 
plaque on the roots of Typha lafifolia L. grown in solution culture. Amer. J. Bot. 71: 
666-675. 
Wetzel, R.G., 1983. Limnology. Saunders College Publishing, Toronto. 
4000 
I-- 
3000 .._....................... 
., oooj 
-2000 
1 
Floa 
Acidic 0 
-3OOO/ 
T 
..;. 
. ..j 
. ..!. 
.A 
. ..i. 
tii 
pi 
2 
NPK+ 
Bonemeal 
- 35 - 
Figure 1: Typha Population’s Biomass 
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Figure 2: Makela ARUM Jar Experiment 
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Figure 6: Lab Jar Experiment 
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Figure 7: Arumator A 
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Figure 9: Arurriator A 
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Figure 11: Arumator A 
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Figure 13: Arumator A 
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Figure 15: Arumator A 
Aluminum Cont. of Extracted Solutions 
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Figure 20: ARUMator 1 
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Figure 32: ARUMator 1 
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MAKELA TEST CELL SYSTEM 
HYDROLOGY: August 10, 1990 (16:25) 
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Figure 58: Makela Test Cell Waters 
Titrations: February 24, 1992 
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TABLE 1: Effects of foliar fertilization on Elliot Lake cattails. Mean r SE. for 5 
plants 
A New shoot end of rhizome 
Rhizome Rhizome Pith Root Rhizome 
length diameter diameter wt. starch 
(cm) (mm) (mm) Ow) (8) 
Off-site 28.8 + 4.7 14.0 k 0.6 8.8 t 0.4 233 + 100 37 
control 
On-site 26.0 f 4.5 12.1 _+ 1.3 8.2 f- 1.0 109 If: 24 32 
control 
+NPK 27.7 + 5.7 13.8 f 1.1 9.4 It 0.9 160 ?r 84 33 
+NPKCa 16.1 f 3.1 12.2 t 0.6 8.2 f 0.3 42 k 18 28 
B Parental shoot end of rhizome 
Rhizome Rhizome Pith Root Rhizome 
length diameter diameter dry wt. starch 
(cm1 (mm) (mm) (w) (%I 
Off-site 28.8 + 4.7 12.8 ?r 0.8 7.5 * 0.7 85 f 26 34 
control 
On-site 26.0 + 4.5 11.0 f 1.1 6.6 + 0.6 109 + 30 37 
control 
+NPK 27.7 + 5.7 12.4 i 0.7 7.2 f 0.5 28 2 10 33 
+NPKCa 16.1 lr 3.1 10.8 + 1.1 6.2 f 0.5 17 + 5 28 
Rhizomes were very variable in length and diameter. The foliar fertilizer had no 
significant effect (P < 0.05) on rhizome length, rhizome diameter, pith diameter or 
starch content either at the parent shoot end or the younger, new shoot end of the 
rhizome. Rhizome diameter and pith diameter and therefore total starch content 
were greater at the new shoot end. Root weight on rhizome sections from 
fertilized plots was significantly less (P 5 0.05) than on those from unfertilized plots. 
ca 
C” E 
Fe < 
K 
M 
Na 
Ni c 
s 
Sample ldentrficatron 
Sample Description 
PH 
ATP(ng per mL) 
Mphate reducing bacteria per m 
(Postgate F) 
Sulphate reducing bacteria per m 
(Postgate B) 
Iron reducing bacteria per mL 
Ammonifiers per mL 
Denitrifiers per mL 
Volatile fatty acid producers per n 
Bacteria (organisms per mL) 
Mould (organisms per mL) 
Algae (organisms per mL) 
L 
L 
1 
- 
M1 
Cell 3 
Curtain 1 
surface 
3.5 
13 
lOA- 
10^3 
10^4 
10^4 
1 
10-1 
5x10^7 
5X10^5 
3x10,-4 
Notes: 
1, Samples were analyzed four days after receiving. 
2. Samples were stored at 4 C until analyzed. 
10-4 10^4 =E >10^5 10-4 10^4 Cl <lo-l lOA1 
I - 
M4 
Cell 3 
Curtain 3 
bottom 
4.1 
7.1 
>10^5 
10^3 
lO"4 
10^3 
1 1 
10^2 10^3 
4x10-7 4x10*7 
3x10-5 2~10~5 
3X10^4 
- 
- 
M5 
Cell 4 
Curtain 1 
surface 
3.5 
15.7 
10-1 
10-3 
10^4 
10-4 
7X10^4 
- 
- 
M6 
Cell 4 
Curtain 1 
bottom 
4.2 
25.9 
10^4 
10^2 
>10"5 
10-4 
<I 
10*4 
6x10*7 
3x10-5 
8~10~4 
M7 1 Ma 
Cell 4 1 Cell 4 
Curtain 3 Curtain 3 
surface bottom 
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TABLE 3b: ENUMERATION OF SULPHATE REDUCING BACTERIA- 
A COMPARISON OF METHODS 
\MENDMENT SAMF 
Sample 1 held Rap 
+ :ell 3. curt 1000-100 
:ell3j curt 1000-100 
:ell 3, curt <lo00 
:ell 3, curt 10000 
:ell 4, curt <lo00 
:ell 4, curt 10000-10 
:ell 4, curt 10000-l 0 
3, AUG ;T 1991 
L%i6-E@ ‘ostgate 
)acteria/ lacteria/ 
c1ooo 1000 
10000 100 
1000 1000 
100000 10000 
<IO00 10 
1000 10000 
100000 100 
100000 10000 
<lOOO 1000 
1000000 10000 
<lOOO 100 
<IO00 10 
<IO00 1000 
<IO00 0 
IH 
3.35 
3.5 
3.42 
3.72 
3.35 
3.65 
4.8 
4.48 
2.53 
5.96 
2.65 
2.6 
2.45 
2.55 
th 
mV 
-61 
-53 
-67 
-70 
-22 
-73 
-151 
-132 
+371 
-233 
+344 
-!-371 
+398 
+401 
r 
,mell 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
ARUMator 4j ARUMator 5 ARUMator 6 ARUMator 7 
SET UP North South North South 
July 34191 ART Jlvlntnr AR1 JMatnr ARIJMator ARUMator 
TABLE 3c: OPEN SURFACE ARUMATORS 
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TABLE 4: RATES OF IRON HYDROXIDE PRECIPITATE IN CELL 1 
r horn 28-Aug-90 
Precip To 06-Mar-91 128 m2 @7200Ud @57OOOU 
53 1285 7 865 120 15 
31 737 4 497 69 9 
26 617 3 415 58 7 
34 829 4 558 78 10 
recipitate avg cell 1 584 81 10 
Observed Iron Hydroxide Removal, mg/L 25 22-Now90 
-I From 06-Mar-91 Cell 1 Area @sUmin @40Umin Precio To 25-May-91 128 m2 @7200Ud @57OOOU 
--.A Zone days g in trap glm2 glm2lday g/day/cell mg/L removed 
21 80 124 2981 37 4767 662 83 1 
3 80 15 364 5 582 81 IO 
4 80 10 240 3 383 53 7 
5 80 13 316 4 505 70 9 
6180 19465 6 743 103 13 
1 Precipitate avg cell 1 1396 194 24 
Observed Iron Hydroxide Removal, mg/L 248 25-May-91 
Ill From 25-May-91 Precip To 21-Auq-91 Cell 1 Area @l Umin @4OUmin 128 m2 @1,44OU @57OOOU 
g/m2 g in trap mg/L removed 
797 19216 218 27933 19398 485 1 
3 88 129 3104 35 4512 3133 78 
4 88 163 3938 45 5724 3975 99 
5 88 92 2214 25 3218 2235 56 
11 88 79 1904 22 2768 1922 48 I 
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PLATE 1: Floating Typha seed beds installed on Gate Pond, near the            
       Makela Test Cell System. 
 
 
PLATE 2: Floating rafts on Makela Test Cell System at time of Typha  
       seedling transplant. 
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PLATE 3: Floating Typha Raft on Makela Pumping Pond in second 
year after seedling transplant. 
 
PLATE 4: Series of Floating Typha mats in second year in abandoned
open pit, Newfoundland.
